Abstract. In this work, the dynamic of MMS exposing several excitation forces has been studied using forced Rotordynamic analysis. The Finite-Element-Model (FEM) based Design of Experiment (DOE); the sensitivities of factors on vibration response and their levels optimization have been carried out based on Response-Surface (RS) method. The results showed that the vibration response is considerably influenced by the rotating unbalance force. The vibration amplitude conducted by rotating unbalance force is more than two-by-five-time when compared to the other factors. In addition, the results obtained also showed that there are significant improvements in Structural Weight (SW) and vibration response. Thus, the factors level optimization technique, not only reduce in total material consumed but also the vibration response can be improved. The proposed vibration design approach is significant and successful in improving vibration of unbalance response.
Introduction
Vibration behaviors due to unbalance-response are the foundation of research for dynamic balancing-control, which is the significant manner of vibration observing and control [1] [2] [3] . Because of complex structures of MMS, the evaluation of dynamic-characteristics produced by means of unbalance is much difficult [3] . The MMS is one of the principal parts of a machine tool since its dynamic properties directly affect the machining productivity and finish quality of the workpieces. Recently, considerable researches are focused on improving the dynamic-characteristics of spindle-system. Through optimizing the factors affecting the dynamic response [4] [5] [6] [7] , or by investigating the vibration response induced by rotating unbalance forces [8] [9] [10] [11] . However; for MMS exposing several loads due to its complex structure, the level of rotating unbalance force affecting the vibration response was not clearly defined. In addition to that, traditionally the designer mainly concerned with the unforced dynamic design optimization. But, the contribution of the high-speed effect and the rotating unbalance moments effect on the vibration response prediction are slightly disregarded. This design method is unsatisfactory for vibration balancing and control. To precisely predict the dynamic performance of MMS under definite machining speeds, the HS effects should be integrated with FEM. The rotordynamic analysis is the most effective methods in introducing the gyroscopic moment's effect, cross-coupled loads, and the possibility of rotating instability. In addition to simulating the amplitudes of synchronous vibration caused by rotating unbalance. In this work, the vibration of MMS exposing several excitation forces is studied using forced Rotordynamic analysis. Under definite factors constraints, the FEM-based DOE method was adopted to predict the vibration response with respect to these factors. In order to visualize the levels of factors influencing the vibration of imbalance response, the sensitivities of factors on vibration response are carried out by using the RS method. Finally, the optimization is also conducted to find the levels of factors that simultaneously minimize the SW and improve the dynamic of MMS. The Central-Composed-Design (CCD), due to its efficiency in providing much statistics in a minimal number of required statistical experiments along with Finite Element Analysis (FEA) is used to generate the DOE in present work.
Machine motorized spindle definition
The MMS shown in Fig. 1 is presented to utilize the forced rotordynamic analyses, which it developed to built-in motor instead of traditional belt drive lathe spindle. This spindle has been developed for the chuck standard JIS A2-6/B6151sc, with maximum 3700 N cutting force, maximum 7000 r.p.m machining speed, and driven by the 16.8 kw synchronous motor connected to the shaft with a built-in-motor Type 1FE1093-6WV. Two kinds of SKF roller bearings with the designation of 7220BECBY, and NNCF5013CV are presented for supporting the shaft at front bearings set location, and back bearings set location. The materials used for this MMS is structural steel ( = 210 GPa, = 7850 kg/m and = 0.3). 
Finite element model of machine motorized spindle system
The MMS exposing several loads under operation condition is established, including the rotating unbalance moment to the shaft from the motor rotor and constant cutting force. The FEM of the MMS is developed by using the ANSYS SpaceClaim. All the masses of motor-rotor and workpieces-holder (chuck) are modeled as a point mass and integrated into FEM at desired locations, with a Remote-Point-type connection. The bearing supports are modeled as 2-D spring damper elastic elements (COMBI214) with a ground-to-body-type bearing connection, as shown in Fig. 2 . Two spring-damper elements for supporting the shaft at the front bearing set and so one spring-dampers element for supporting the shaft at back bearing set. With assuming that, the applied preloads on bearings are not influenced by their locations; the bearing stiffness defined in this study is 4E5 N/mm for the front bearing set and 2E5 N/mm for back bearings set. The entire spindle model has meshed via elements size of 10 mm, the 3D meshing of MMS is shown in Fig. 3 .
Results and discussions

The unbalance response analysis
The forced Rotordynamic analysis is performed under two excitation conditions, first under only constant cutting force and second under both cutting and rotating unbalance forces excitation. The simulation is conducted with the 3700 N excitation cutting force applied in the -direction, and excitation rotating unbalance of 6 kg-mm, with excitation speed varied from 0 Hz to 400 Hz. The simulations results undercutting force, and with both cutting force and rotating unbalance excitations are shown in Fig. 4 . It can be seen from Fig. 4(a) , the maximum Total Deformation (TD) is 0.0496 mm, which it recorded at spindle nose; while the maximum TD in Fig. 4(b) is 0.0509 mm; which it takes place in the motor-rotor location. The results obtained for TD indicated that the spindle has extremely affected more by the rotating unbalance force excitation than the cutting force excitation.
In order to visualize the effect difference excitation speed on unbalancing response, the four locations of the MMS as shown in Fig. 5 have been selected for vibration analyzes. From Fig. 5 , it can be seen that; the vibration amplitude has been caused by the rotating unbalance in the MMS system. Among the four places, the vibration response at motor-rotor seat position is far greater than other places in the spindle system. Once the deformation amplitude of the MMS is growth, the dynamic stiffness is turns into lower. Thus, the minimum dynamic stiffness in Fig. 5 is found at motor rotor place, while the maximum dynamic stiffness is found at spindle nose position. As well, the vibration modes increased in a linear manner as the excitation frequency increase, which is relatively comparable to theoretical studies [3] . The vibration response reached its peak at 400 Hz excitation frequency. There is no vibration resonance recorded within the excitation frequency range, as result of damping effects. As mentioned above, the vibration of MMS is considerably influenced by the rotating unbalance due to motor-rotor, hence it's significant to consider in FEM when conducting the vibration design. Table 1 . The face-centered CCD due to its effectiveness in providing much statistics in a minimal number of required statistical experiments is used to create the DOE. The simulation result obtained is fitted by RS, and then it graphically explained in Fig. 6 . It showed that the scatter chart presented is normalized with the output values predicted from the RS versus the value observed from the DOE. The goodness fit indicated that the TD and SW are normally closer; confirming that the RS is correctly fits the points of DOE. 
The levels of factors affecting the unbalance response
The sensitivities of the factors on TD and SW are analyzed by using Kriging RS method. The contribution of each factor on TD and SW is graphically represented in Fig. 7. From Fig. 7 , it can be showed that a larger response ratio indicates that the corresponding factor has a more obvious influence on the output responses of TD (P1), and SW (P25). For the station P1shown in Fig. 7 , the factors (45 %), (20 %), (18 %), and (11 %) have the most effective on TD, respectively; while the other factors have the least effects on the TD. For the station P25 shown in Fig. 7 , the factors (50 %), (25 %), (15 %), and (12 %) have the most effective on SW, respectively; while the other factors have the least effects on the SW. As results, more than 40 % of vibration is conducted by rotating unbalance mass ( ), hence the rotating force excitation is far greater than cutting force excitation ( ). In order to visualize the effect of variation of rotating unbalance mass on the dynamic response, the change in TD with the factor is plotted as explained in Fig. 8 . It can be seen from Fig. 8 , the variation of TD with the factor is approximately nonlinear, which the TD improved/and or increased with increasing the factor space along its variation limits. The variation of vibration response with rotating unbalanced masses at different rotating speed has carried out in [3] , they obtained that the dynamic response of the MMS is increased linearly with increasing the rotational speed, and so as rotating force increased. 
Factors optimization
The definition of the optimization problem and its constraints are represented in Eq. (1). The optimization is defined to minimize the SW, with a maximum constraint of TD (0.067 mm). The Screening and Multiple-Objective Genetic Algorithm (MOGA) methods are used to solving this mathematical problem. The three optimal' points for each method are suggested, and then they are summarized in Table 2 . It can be observed that the optimal points in columns 3&7 of Table 2 are feasible solution that could meet the design requirements. Among them, based on cutting force criteria the design points in column 7 is most suitable in minimizing the SW with satisfying the dynamic stiffness requirements. Further, from the response points shown in Table 2 it found that there are significant improvements achieved for the TD and SW, when comparing the optimal design with the original value. It showed that the SW is saved by 16.8 %, while the TD is improved by 13.7 %. So as to find the dynamic behavior of the final design, the optimal response points are inserted into the FEM, and then it updated and resolved with this new design point. The new solution results are summarized in Figs. 9, 10 as a comparison with the original one. The results carried out indicated that the value of TD after optimization is comparable to its value in Table 2 ; hence the FEM has correctly updated the optimal design point. Also, it can be seen from Fig. 9(b) , the maximum TD observed is 0.0446 mm at motor rotor position; which it improved to 13.7 % less than the original value shown in Fig. 9(a) . Thus, the minimal weight design technique, not only satisfies saving in total material resource consumed, but also the vibration response characteristics can be improved. It confirmed the effectiveness of this method to come across the energy efficient design requirements in terms of energy VIBROENGINEERING PROCEDIA. DECEMBER 2018, VOLUME 21 consumption and material resources used and the waste and pollution created in the process: 
Conclusions
In this work, the vibration of MMS exposing several excitation forces is carried out using forced Rotordynamic analysis and the RS method. The results obtained showed that the vibration response is considerably influenced by the rotating unbalance force. Whereas, the vibration amplitude conducted by rotating unbalance force is more than 40 % when compared to the other factors. The results also showed that there are significant improvements achieved, hence the SW is saved by 16.8 %, and so the TD is improved by 13.7 %. The proposed dynamic design approach is significant and successful in improving vibration of unbalance response.
